An overview is presented of band alignments for small-lattice parameter, refractory semiconductors. The band alignments are estimated empirically through the use of available Schottky barrier height data, and are compared to theoretically predicted values. Results for tetrahedrally bonded semiconductors with lattice constant values in the range from C through ZnSe are presented. Based on the estimated band alignments and the recently demonstrated p-type dopability of GaN, we propose three novel heterojunction schemes which seek to address inherent difficulties in doping or electrical contact to wide-gap semiconductors such as ZnO, ZnSe, and ZnS. © 1995 American Institute of Physics.
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The band alignments are determined empirically from Au Schottky barrier height data in a manner similar to that found in Refs. 2 and 3. Basis for the connection between band alignments and Schottky barrier height data can be found in Ref. 4 . For our study, we use primarily the limited Schottky barrier data currently available, which nonetheless appear sufficient to indicate some striking differences between small and large lattice-parameter semiconductors. These Schottkybased band edge energies are compared to the predictions of Harrison and Tersoff. 5 Based on our findings for valence band offsets of wide-gap semiconductors, three applications, each involving heterostructures of p-type GaN with wide-gap II-VI semiconductors, are proposed as a means of circumventing limitations in p-type dopability or electrical contact formation in the latter materials.
The band alignments are summarized in Fig. 1 . The data are presented in the form of a ''McCaldin'' diagram, 6 which simultaneously displays lattice parameters, band gaps, band alignments, and dopability. Each semiconductor is represented by a vertical line whose length is determined by the band gap of the semiconductor and whose vertical position is determined by experimental Au Schottky barrier height measurements from the literature, where the zero of energy is defined as the Au Fermi level. Table I . 3, 5, A few points should be made regarding the experimental band lineup values. For AlN and AlP, no Schottky barrier height data were available, so the valence band edge positions were determined from measurements of the AlN/ GaN 26, 27 and AlP/GaP 33 valence band offsets, respectively. For InN, no experimental data were found, so only the calculated band alignment is shown. Other non-Schottky-based measurements suggest that GaN and AlN should lie higher in the diagram, 36 ,37 but we use the Au Schottky barrier height result. 28 Finally, the equilibrium crystal structure of some of the semiconductors is wurzite instead of zinc blende. For these semiconductors, we use the band gap for the wurzite crystal structure; however, for clarity of presentation, we use the lattice constant for the equivalent zinc blende crystal structure. For SiC, the 3C-SiC band gap and lattice parameter are used. We expect little variation of the E v values with crystal structure, since the SiC Schottky barrier height data do not show a strong dependence of the valence band position on crystal structure, as supported by the recent measurement of a small valence band discontinuity between 3C-SiC and 6H-SiC. 38 Figure 1 shows a similar correlation between dopability and band edge position as observed in earlier studies for larger lattice parameter semiconductors. 6 A notable exception, however, is GaN which is dopable p-type to high levels despite a deep valence band edge. Some possible light emita͒ Electronic mail: tcm@ssdp.caltech.edu ter applications utilizing this p-type dopability of GaN are described below.
Graded injector: As explained in detail in Refs. 39 and 40, a suitably designed graded layer near a heterojunction facilitates carrier injection into a semiconductor which is not easily doped with a given carrier type. For example, holes could be injected into ZnO by transport over a small energy barrier from an adjacent layer of GaN, which happens to have a relatively good lattice match to ZnO. The flatband diagram for a p-GaN/n-ZnO heterojunction shows a moderate barrier for hole injection from p-GaN into n-ZnO. This barrier can be overcome by grading the GaN into an Al x Ga 1Ϫx N ternary to extend the valence band edge to match that of ZnO at the Al x Ga 1Ϫx N/ZnO interface. At the same time, the expanded band gap serves to block electron injection from n-ZnO into GaN. p-GaN/n-ZnO is a typical type II heterojunction with barriers to both carrier types, and grading in this manner allows suppression of one carrier flow while enhancing the other. Note that the graded injector approach does not require doping within the graded region.
Type II, no-barrier injector: As has been discussed previously, 41 it is possible to have a type II heterojunction with no barrier for either carrier type when at flatband. Figure 1 indicates excellent prospects for this no-barrier application for n-ZnSe/p-GaN and n-ZnS/p-GaN heterojunctions. Of these two, n-ZnS/p-GaN is particularly attractive because ZnS has not yet been rendered p-type. While ZnSe has been made p-type, n-ZnSe/p-GaN could provide an alternative approach to introducing holes into n-ZnSe. Both of these examples entail large lattice mismatch at the heterojunction, of the same order as in growing GaN on sapphire. Singlecrystal growth has been achieved in the latter case, although at a cost in terms of imperfections. However, for some device purposes, such imperfections are tolerable, as demonstrated in recent GaN/sapphire blue light emitters. 1 Furthermore, ZnS as presently used in electroluminescent devices can tolerate grain boundaries and other imperfections.
Ohmic contacts: In principle, p-GaN can introduce holes into any material with E v lying higher in Fig. 1 than E v ͑GaN͒. This means that Ni/Au on p-GaN, which forms an Ohmic contact, could be used to contact those materials that are dopable p-type, but not to levels sufficient for good Ohmic contact. Two examples are p-GaN/p-ZnSe and p-GaN/p-AlP. In practice, such substrate materials should not be heated above the temperatures at which they were processed, a limitation that may possibly be overcome with the improvement of lower-temperature GaN growth methods. As with the other applications described above, energetics are favorable for the proposed devices, but practical problems of fabrication remain.
In conclusion, best estimates of band edge energies for smaller lattice parameter semiconductors, based on Schottky barrier heights, have been presented and compared to theoretical estimates. Based on these data, we have proposed three applications which take advantage of the p-type dopability of GaN. A graded injector is proposed to facilitate minority carrier injection into ZnO. Type II, no-barrier injectors are proposed using p-GaN/n-ZnSe and p-GaN/n-ZnS heterojunctions. Finally, p-GaN is proposed as a possible Ohmic contacting layer to p-ZnSe or p-AlP.
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